The electroencephalographic (EEG) data intracerebrally recorded from 20 epileptic humans with different brain origins of focal epilepsies or types of seizures, ages and sexes are investigated (nearly 700 million data). Multi channel univariate amplitude analyses are performed and it is shown that time dependent Shannon entropies can be used to predict focal epileptic seizure onsets in different epileptogenic brain zones of different patients. Formations or time evolutions of the synchronizations in the brain signals from epileptogenic or non epileptogenic areas of the patients in ictal interval or inter-ictal interval are further investigated employing spatial or temporal differences of the entropies. Introduction: Automatic (computer based) detection or prediction of epileptic seizures is a challenging subject in quantified electroencephalography [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] where the underlying dynamics for the recordings are usually not completely known. Thus, it is difficult to select a priori most suitable method for an analysis [14] .
there is any common information between the EEG time series as an indication of their relationship. Then, direct investigations by means of information-theoretic approaches can be favored [29] . Following this idea in this work, multi channel univariate time dependent entropy analyses are performed on various electroencephalograms intracerebrally recorded from humans with focal epilepsies [32] . The basic aim is to predict and detect numerous seizure onsets covered in the investigated data. In the meantime, several properties in the EEG data will be disclosed and used to distinguish between the inter-ictal period and the preseizure period [20] [21] . It is clear that a method capable of predicting the occurrence of seizures from the electroencephalograms of epilepsy patients would open new therapeutic possibilities.
Time dependent entropy:
In this study, time dependent interrelated multi channel EEG activities of numerous humans are investigated. The ability of an information measure (entropy) index [6, 33, 34] , which is defined below, is determined to distinguish between preictal, ictal or post-ictal periods as well as the inter-ictal interval. The multi channel univariates are cut into consecutive sections of convenient length of 10 seconds, and then entropy is calculated for the distribution of data in each of the windows which do not overlap [35, 36] . In other words, the analyses are performed in a time window of defined length and this time window is moved step wise to produce a continuously updated entropy spectrum for the recordings from different brain sites. Note that the model used is time invariant as stipulated in [35] .
Entropy is known to be a quantity describing the amount of disorder in a system or a measure of uncertainty in the information content of a signal. Shannon entropy [37 and 38] is used to investigate various properties of integrated neuronal activity in this work, where the recorded voltages (X k (i)) from the contact position (k=1-6) have integer values in micro Volt (μV) [32] . Let Q(X k (i)) be the frequency of X k (i) in the data and be abbreviated as Q k (i). The (discrete) empirical distribution P k (i) is obtained by normalizing Q k (i); P k (i) = Q k (i)/∑ i=1;N Q k (i) , (1) where N is the number of samples (which is 2560 per window since the sampling rate is 256 Hertz (Hz) in [32] and the length of a time window is 10 seconds in this contribution). In what follows, ED refers to empirical distribution and an ED is said to be discrete uniform (or homogeneous) if P(i) ∝ 1/N or delta-like if data are distributed in a narrow peak around a voltage. Then estimation of Shannon entropy (S k ) of a time window of a univariate recorded from the contact position (k) is S k = -∑ i=1;N P k (i)log(P k (i)) .
In Eq. (2), the summation is over the states (i) which are accessible with probability P k (i)≤1 and log is logarithm with any base [37 and 38] which is taken as the natural logarithm, here. Note that S k is zero for delta-like ED. Moreover, S k attains its maximum value which is ln(N) [29] if the ED of a given set of N samples is homogeneous. Thus, an entropy measure index (χ k ) may be defined as
which is zero for delta-like ED or 1 for homogeneous ED and 0<χ k <1 otherwise. (See, Appendix for further discussion of the subject.) One may refer to [20, 21, 39, 40] for several utilizations of the parameter in Eq. (3) with different aims. In this work, the ED for each time window starting at the time (τ-Δτ) and ending at the time (τ) with Δτ=10 seconds are calculated and a continuously updated entropy index spectrum χ k (τ) is obtained for each univariate recorded from the contact position k=1-6.
The number of samples, N in Eq. (3), is the same for the windows and hence it is possible to select these time windows with small values of χ k in the time profile (χ k (τ)) when the EEG signal in the window is narrow (oscillations with small magnitudes about a voltage). On the other hand, the value of χ k is close to 1 when the EEG signals are broad (oscillations with large magnitudes). Numerous further criteria may be applied to predict the characteristics of a sample distribution, if needed [29, 39, [41] [42] [43] [44] [45] .
Space and time differences of the entropy indices: Due to the occurrence of synchronous EEG oscillations in the ictal state as discussed in the Introduction section, it is expected that the time dependent indices (χ k (τ)) become similar at times close to or during a seizure. In other words, the values of the indices χ k (τ) and χ k' (τ) are synchronously close to each other when the brain sites for the contact positions (k) and (k') are coupled. Thus, the pairwise differences D k,k' (τ) of χ k (τ) and χ k' (τ)
may provide information about the strength (with small absolute value of D k,k' (τ)) and duration (number of the time windows with small absolute value of D k,k' (τ)) of a coupling between two brain sites. Note that D k,k' (τ) may be considered as the approximate spatial derivatives of the index profiles for those contacts which are closely positioned. The seizure time terms last for several seconds or minutes and they are clearly short with respect to several hours (h) for the registration periods of the data from a patient. Hence, a new parameter (z) is used to help the inspection of the similarities in the time profiles of χ k (τ): z(τ) = 1 / ∑ k=1;6,k≠k' ∑ k'=1;6 |D k,k' (τ)| (5) where (|.|) stands for the absolute value. Obviously, z(τ) defined in Eq. (5) is big when the values of the entropy indices (χ k (τ)) are close to each other. Thus, the predictive power of the marker depends on the strength of the couplings before or during onsets. In this work, the first and second order successive time differences of the entropy indices, χ' k (τ) and χ'' k (τ), respectively are also investigated with the aim of obtaining a better description of the properties of integrated neuronal activity in ictal and inter-ictal intervals, where
and
In Eqs. (6) and (7), Δτ is equal to 10 seconds which is the length of a time window. These time rates of change provide additional information for the formations and time evolutions of the synchronized behaviors in entropy indices (χ k (τ)). Thus, the attempts to understand the underlying mechanisms of the synchronizations in the EEG signals of the patients entail the analysis of the time series χ' k (τ) and χ'' k (τ) as well as χ k (τ) and the spatial differences (χ k (τ)-χ k' (τ)) in the presented work. Obviously, comparison of the distributions of these quantities is further illuminating.
Correlations: Auto-correlation and cross-correlation functions are widely used in the literature to investigate the interdependence between physiological signals [29] [30] [31] . However, the values of the spatial differences of the electrodes (D k,k' (τ)) or their distributions may be used confidently with the same aim. For example, narrow and high peaks around zero in these distributions will imply strong correlations and long durations, respectively between the related individual recordings (X k and X k ') or vice versa. As a result, sample distributions of the values of D k,k' (τ) for several k or k' are used to investigate the strengths and durations of the correlations in this contribution.
Material:
Some brief information about all of the patients (PatNM) is given in Table I where the patients are grouped with respect to their origins of epilepsy. It is declared in [32] that "The EEG database contains invasive EEG recordings of 21 patients suffering from medically intractable focal epilepsy." Yet, the data from the Pat02 is missing there. Thus the available data are from 20 patients. Let us follow the lines of the declaration: "In order to obtain a high signal-to-noise ratio, fewer artifacts, and to record directly from focal areas, intracranial grid-, strip, and depth-electrodes were utilized. The EEG data were acquired using a Neurofile NT digital video EEG system with 128 channels, 256 Hz sampling rate, and a 16 bit analogue-to-digital converter. Notch or band pass filters have not been applied.
For each of the patients, there are data sets called 'ictal' and 'inter-ictal', the former containing files with epileptic seizures and at least 50 minute pre-ictal data. The latter containing approximately 24 h of EEG-recordings without seizure activity. At least 24 h of continuous interictal recordings are available for 13 patients. For the remaining patients interictal invasive EEG data consisting of less than 24 h were joined together, to end up with at least 24 h per patient. For each patient, the recordings of three focal and three extra-focal electrode contacts is available."
This pool of data has been downloaded by nearly hundred research groups from different countries [46] and treated with several aims [47] [48] [49] [50] [51] [52] .
The data recorded from epileptogenic zones will be designated with (k=1-3) and those from non epileptogenic ones with (k=4-6) for each patient, here. As a result, data recorded from each of the six contact positions (k) in the ictal interval or in the inter-ictal interval of each patient are cut into consecutive sections of length of 10 seconds. These time windows include 2560 data per individual recordings (k) with 256 Hz sampling rate. Then, χ k (τ) is calculated for the distribution of the data in each of the non overlapping windows. Hence, six time dependent trajectories of the entropy measure (χ k (τ)) are obtained for the data recorded from each patient in ictal interval and another 6 trajectories for the data from the same patient in the inter-ictal interval. The results are compared for a characteristic behavior significant to preictal, ictal or inter-ictal states. The seizure terms of each patient are indicated in [32] and the given numbers are utilized to select the seizure time windows in this work. The one-hourdata-blocks with consecutive integer numbers are assumed to be continuous due to the declaration [32] .
Please note that numerous pin-like topographies are expected to occur temporarily in the index profiles for the collective behaviors where the topographies will be upward if the signals broaden in the meantime, or vice versa; namely, downward pin-like patterns will appear if narrow signals accompany the synchronized interdependencies.
The original results are presented in the following section. The last section is devoted to discussion and conclusion.
Results:
In this section the continuously updated entropy index spectrum for each of the individual recordings from different brain sites (χ k (τ) with k=1-6) of 20 patients with different origins of epilepsy, seizure types, ages and genders are analyzed. The results are exemplified for six patients with different origins of epilepsy, types of seizures, ages and sexes where various characteristic behaviors are found in the data from pre-ictal, ictal or post ictal terms. The available [32] electrode types or electrode contacts of the considered six patients are shown in Figure 1 . The theoretical results for χ k (τ) or z(τ) are plotted with a linear axis on the left and logarithmic axis on the right, respectively where the common horizontal axis shows the time (τ) with the unit of 1 h, for 360 windows and the seizure terms are indicated by arrows in 7, 9, 11, 13, 15, 18, 21, 22, 25 . The number of the significant digits is taken three after the decimal point in the results. Moreover, the bin sizes of the distributions displayed in Figures 6, 8, 10, 12, 14, 16, 17, 19, 20, 23 are the same, which is 0.001 and that in Figure 24 is 0.002. The parameter for k in the legends of the figures indicates the electrode number.
CASE 1: Pat03 with Frontal Lobe Epilepsy
The time spectra of the entropy indices (χ k (τ)) with k=1-6 of the EEG data recorded from the Pat03 during the ictal interval and the inter-ictal interval are illustrated in Figs. 2 (a) and (b), respectively. It may be inspected that all of the (four out of four) indicated seizures [32] are detected by means of the marker z(τ) in Fig. 2 (a) . Thus, all of the seizures of the patient are accompanied by strong simultaneous couplings (synchronous interdependency) between the brain sites for the contact positions.
Please note that the patterns of the trajectories of the entropy indices in the ictal interval and in the inter-ictal interval are different: The profiles are more oscillatory in Fig. 2 (a) with regard to those in Fig. 2 (b) . However, several strong or weak couplings occur temporally in both of the intervals as the big values in the time courses of (z(τ)) indicate in Figs. 3 (a) and (b). Here, a distinguishing property is that the coupled entropy indices do not come close to 1 in the inter-ictal interval. Moreover, no formations similar to these which occur nearly 20 minutes before the imminent seizure onset in Fig. 3 It should be noted that the temporal couplings; namely, the pin-like topographies covering a few windows are not strong during the seizure indicated in Fig. 4 (b) with respect to those in Fig. 3 (a) . However, the values of the indices are close to 1 with broad signals in all. Moreover, various pin-like formations occur also after the seizures for nearly 20 minutes. Therefore, it may be claimed that the spontaneous occurrences of individual strong or weak couplings are not decisive for the initiation of a seizure, where an important criterion is the emergence of a pre-ictal stage as stressed in [20] [21] .
In summary, a pre-ictal stage originates nearly 20 minutes before the first indicated seizure ( Fig. 5 (a) , which is the same as Fig. 3 (a) with different time domain) and it evolves intermittently through several coupling epochs, each of which continues nearly one minute covering five or six windows, usually. It is reported in [17 and 18] that, the interdependences can be detected for up to 30 seconds prior to a seizure. Also, see [14] [15] [16] , and [20] and [21] .
The indices come very close to each other around 1 during the seizure terms. The transitions from an ictal state to inter-ictal state also continue for nearly 20 minutes with various strong or weak coupling terms as in the pre-ictal stage and the index values decrease after the offsets; namely, in the post-ictal stage, to their log-run or inter-ictal averages. Thus, a cycle for a seizure is completed. Similar cyclic behavior consisting of pre-ictal, ictal and post-ictal states accompany all of the seizures of the patient (see, Figs. 4 (a) and (b) for example).
It is known that various focal seizures begin in a restricted brain region and either remain localized or spread to the adjacent cortex, as considered in the Introduction section. Let us focus on 3 (a) or 5 (a) to inspect the approach, onset and offset of the first seizure. The preictal stage is presumably originated (due to an unknown biological reason) at about τ=1.45 h where the entire entropy index values decrease for a few minutes. This means that the infocus or out-focus contact positions are temporarily coupled. The couplings are weakened in the next five or six minutes. Afterwards, the strength and occurrence frequency of the couplings increase intermittently with time and the tops of the pin-like topographies ascend towards 1. All of the contact sites are coupled at about τ=1.65 h, i.e., a few minutes before the onset of the seizure which occurs at about τ=1.7 h; where the maximum values of the indices with k=1-6 are nearly the same. During the seizure, integrated neural activity reaches a climax, where all of the indices have nearly the same value which is very close to 1 and EEG signals broaden. Apparently, more brain sites are coupled with increasing strengths while approaching to the seizure onset. It may be claimed that the spread of the seizure is not a continuous process but an intermittent one since strong couplings occur intermittently. The relaxation of the indices is gradual and accompanied by numerous couplings, which are also intermittent. Figs. 5 (b) and (c) show the first and second order successive time differences (approximate time derivatives) of the indices with the same time domain of Fig. 5 (a) , where the intermittent couplings are clear. Therefore, not only the indices but also their time differences are coupled at several time epochs. Moreover, the brain electricity may be unique and locally modulated when close to or during a seizure. (Various different suggestions on the subject may be found on page 198 in [39] .) This subject will be held while investigating other cases for different patients and further discussed in the last section.
Let us now treat the distributions of the index values for the data from the Pat03 in the ictal interval ( Fig. 6 (a) ) or in the inter-ictal interval ( Fig. 6 (b) ), where the aim is to search for statistical evidence about the electrical couplings between different brain sites. The plots for the data from the inter-ictal interval are evidently parabolic in logarithmic scale (or Gaussian in linear scale) whereas those for the ictal interval depict important deviations from Gauss, where the deviations are outstanding especially for the data from the out-focus electrodes, with k=4-6. This shows that the out-focus sites are strongly affected by the epileptogenic activities.
Note that the modes of the ED plots of the index values occur at the intermediate values which match the values for the pre-ictal and post-ictal stages. Hence, these stages can be predicted if the modes of the ED plots of the index values show certain deviations from Gauss. Conclusively, the ED plots of the entropy index values can be utilized to distinguish between the inter-ictal data and ictal data or more specifically, the inter-ictal period and the pre-ictal period (see, [20] [21] ).
The time series of the mutual arithmetical differences of the in-focus (k=1-3) or out-focus (k=4-6) index values are displayed in Figs. 7 (a) and (b), respectively which cover the first seizure. Note that the differences remain close to each other around zero for a few minutes after the seizure offsets and depart gradually afterwards. This behavior can also be monitored during the other seizures of the Pat03 (Fig. 7 (c) ) and the seizures of several other patients as will be considered in further cases.
The over-all behavior of these electrode differences can be understood in terms of the distributions of their values as displayed in Figs. 8 (a) and (b). Inspection of these figures shows that the in-focus and out-focus electrodes are more strongly correlated in the ictalinterval than in the inter-ictal interval since the modes occur at zero in Fig. 8 (a) . Moreover, the heights of these modes are nearly the same for all of the electrodes which indicate a strong collective behavior where the heights are much bigger than the number of the windows for the seizures. This is because numerous very strong couplings occur in the pre-ictal and post-ictal stages as well as in the ictal stages. However, the index values come out very close to 1 for these strong couplings only during the seizures, which is a distinguishing property for the onsets. Furthermore, all of the out-focus electrodes and only two of the three in-focus electrodes (k=1 and k=3); namely, FE1 and FD1 (Table I and Fig. 1 ) are strongly correlated in the inter-ictal interval since the highest and narrowest peak around zero comes out for these electrode differences (D FE1,FD1 ) in Fig. 8 (b) . Hence the total duration of the D FE1,FD1 is the longest in-between the in-focus or out-focus couplings during the inter-ictal interval. Whereas, all of the out-focus electrodes are strongly coupled in both of the intervals where the couplings are stronger in the ictal interval, Figs. 8 (a) (also, Fig. 7 (c) ). Note that, the plots for D 1,2 (τ) and D 2,3 (τ) are nearly anti-symmetric about zero. This is because, the time profile of χ 1 (τ) is similar to that of χ 3 (τ); namely, (χ 1 (τ)↔χ 3 (τ)) where the symbol (a↔b) is used to designate the similarity (or coupling) between a and b. Two trajectories are said to be similar if their time courses are the same up to the minor fluctuations, in this work. Hence, the ED plot for D 1, 3 (τ) depict a narrow peak around zero since D 1,3 (τ)=χ 1 (τ)-χ 3 (τ)↔0 due to Eq. (4). Therefore, (χ 1 (τ)-χ 2 (τ)) is similar to (χ 3 (τ)-χ 2 (τ)) and D 1,2 (τ)↔D 3,2 (τ)=-D 2,3 (τ). Moreover, the in-focus electrode k=1 is strongly coupled with all of the out-focus electrodes in the ictal interval whereas the in-focus electrode k=3 is strongly coupled with all of the out-focus electrodes in the inter-ictal interval (not shown). Hence, the strength or durations of the synchronous electrode interdependence may vary with the time.
The distributions of the values of the first or second order temporal differences are (Eqs. (6) or (7), respectively) exponential and symmetric about zero for each electrode in the ictal interval or in the inter-ictal interval (not shown). This subject will be discussed in detail in further sections.
CASE 2: Pat14 with Fronto/temporal Epilepsy
Only three of four indicated seizures are detected in this case ( Fig. 9 (a) ) where the first indicated seizure which occurs a few minutes after an abrupt decrease in the indices (for a narrow signal) is missed ( Fig. 9 (b) ). During this or other downward pin-like behaviors in the ictal and the inter-ictal data, the electrodes show intermediately strong cross-correlations as displayed in Fig. 9 (c). Moreover, a diversity of EEG signals from narrow to broad signals is generated at different times in this case. (Note that there are no downward pin-like patterns for narrow signals in the previous case.)
The entropy profiles from the in-focus electrodes have big magnitudes and fluctuate with small magnitudes around nearly 0.9 whereas these from the out-focus positions fluctuate with big magnitudes around nearly 0.85 in the ictal interval (Figs. 9 (a) and (b)). The values of the oscillations are above 0.8 also in the inter-ictal interval aside from the frequently occurring downward pin-like behaviors (see Fig. 9 (c), for a short time domain).
Durations of the pre-ictal and post-ictal states are nearly 30 minutes or longer, as can be seen in Fig. 9 (c) where the data are continuous for 3 h and two ictal cycles consisting of preictal, ictal and post-ictal stages are included. The profiles are inter-ictal-like up to τ∼4.6 h where weak couplings occur between the electrodes and the entropies little increase. The following pre-ictal state for the onset at τ∼4.8 h involves several weak synchronizations and these interdependencies evolve into strong ones during the seizure which starts and terminates abruptly. The post-ictal state lasts for nearly 30 minutes with numerous strong and synchronized interdependencies. The adjacent inter-ictal state also lasts for about 30 minutes, up to τ∼6.0 h while strong couplings start which become stronger at τ∼6.2 h. Thus, the preictal state for the next seizure which occurs at τ∼6.6 h initiates. Note that the values of the entropy indices are bigger in the considered post-ictal stages with respect to these in the interictal or pre-ictal stages.
The first and second order time differences of the individual indices also display the couplings (upward or downward pin-like topographies) in the ictal interval and the inter-ictal interval (not shown). Moreover, the ED plots of the values of these differences are symmetric and exponentially decreasing around zero as in the previous case for the Pat03 (not shown).
On the other hand, the ED of the ictal and inter-ictal index values are characteristically different (as in the previous case) with some noisy behaviors in both of the ED (in this case), as can be seen in Figs. 10 (a) and (b). The noisy behaviors and deformations from Gauss in Fig. 10 (a) are due to the pre-ictal and post-ictal states as discussed in the previous case whereas these in the data from the inter-ictal interval can be attributed to the time lengths of the patient's pre-ictal or post-ictal stages, both of which are nearly 30 minutes or longer. Thus, various data from the pre-ictal or post-ictal epochs might have been mistakenly counted within the one-hour-data-segments of the inter-ictal EEG in [32] . Namely, various pre-ictal states manifest weak or intermediately strong couplings without leading to completed seizure onsets, in the time epochs far from the experienced seizures and these data are counted for the inter-ictal interval. However, the ictal and inter-ictal intervals can be clearly distinguished in terms of the ED plots since these plots, especially for the out-focus electrodes from the ictal interval show important deformations with respect to those from the inter-ictal interval as in the previous case.
Moreover, the maximum values of the indices of this patient are very close to 1 (see, Fig. 10 Various simultaneous couplings between the local electrodes of the Pat14 can be utilized to detect seizure cycles as considered in the previous case. Yet, the focus will be on the simultaneous couplings between the non-local electrodes, here; see, Figs. 11 (a) and (b). Although the cyclic behavior is not clear, the ability of the electrode differences to capture the seizure term is obvious in Fig. 11 (a) . Moreover, the differences D 1,5 (τ) and D 2,5 (τ) (the dotted lines in different colors in Fig. 11 (a) ) follow each other closely in the given time domain. This feature implies that D 1,2 (τ)↔0 due to Eq. (4); namely, the contact positions at k=1 and k=2 are strongly correlated:
The related cyclic behavior can be inspected in Fig. 11 (b) which shows the time courses of a different set of non-local electrode couplings. The first and second integrated behaviors in the profiles towards 0 at τ∼3.2 h and τ∼3.3 h, respectively indicate the pre-ictal stage. These couplings are very strong during the seizure and weakened afterwards. They continue for several minutes in the post-ictal stages as can be inspected in Fig. 11 (c) for different seizure terms, where all of the time profiles of the non-local couplings are designated by dotted lines.
The ED plots in Fig. 12 (a) and (b) show that several simultaneous non-local crosscorrelations are weak but they follow each other closely through the ictal interval possibly with a time phase difference; see, also Fig. 11 Relying upon the predictions made in the previous paragraph, it may be remarked that the unique brain electricity may be modulated differently at different times in different brain sites, but in coordination with some other site(s). Because, the partnerships in the brain couplings continue for long times yet the partners may be exchanged temporarily.
CASE 3: Pat20 with Tempo/Parietal Epilepsy
The data registration from the Pat20 in the ictal interval (the seventh one-hour-data-block; 020322aa_0054_k with k=1-6 in [32]) is interrupted (at i=837632 with k=1-6) for several minutes ( Fig. 13 (a) at τ∼6.9 h) and no reason for the disconnection is given in [32] . The brain states might have been affected radically if some medical treatment were performed during the disconnection. For the effects of medications such as drugs and anesthetics such as nitrous oxide on the brain states, or several examples of the related Shannon entropy applications, see [53] [54] [55] [56] and [36] , respectively and the references therein. Whatsoever this situation is, three out of four indicated seizures are detected in this case. Yet, numerous false alerts are produced due to the synchronized behavior in the data except those from the electrode k=4 as exemplified in Fig.  13 (b) where the data are continuous for 3 h. In the same figure, the pre-ictal stage for the first seizure, which is undetected, is very long and consisting of several sub-stages with various durations. At τ∼0.2 h, the index values decrease collectively. Afterwards, the values increase and various couplings occur between the contact positions except at k=4. These oscillations continue till τ∼0.7 h where a new collective decrement similar to the previous one occurs. This time, the separation between the profiles, from the contact position at k=4 and others, are obvious. The tops of the pin-like topographies increase gradually and approach 1 very closely at τ∼1.6 h where a seizure might have been expected to onset as z(τ) indicates. However, the values decrease abruptly and this state continues for nearly 20 minutes till τ∼1.9 h where an onset is realized. Therefore, numerous false attempts for an onset can be found in both of the ictal or inter-ictal data from this patient. (See, Fig. 3 (a) for two similar incomplete formations before the experienced seizure of a different patient.)
It can be observed in Fig. 13 (b) and (c) that the onset and offset of the seizure at τ∼1.9 h are abrupt. Moreover, the electrode positions at k=1 and k=6 or k=2-5 are coupled strongly right after the offset for nearly 5 minutes as depicted in Fig. 13 (c) . The electrodes change couples afterwards and this epoch continues for nearly 20 minutes. Various false inclinations for a seizure onset might have been observed in the several epochs of the ictal data from this patient (for example, between τ∼2.6 h and τ∼2.9 h).
The couple exchanges can be monitored in the ED plots of the index values from the ictal interval and the inter-ictal interval (Figs. 14 (a) and (b) ) where the collective phenomena are clear for big values of the indices from both of the intervals. Note the strong coupling between the electrodes k=1 and k=6 where this partnership continues throughout the ictal interval and inter-ictal interval.
The time series for the time differences also exhibit the pin-like topographies for the couplings and the ED plots of their values come out symmetric and exponentially decreasing around zero. The local or non-local spatial couplings may run with the same partners in several epochs and the couples may be changed in others. Moreover, these differences may be utilized to detect the same seizure onsets which are captured by means of the marker. Thus, further investigations of the spatiotemporal differences of the electrodes do not provide new information in this case, because they are obtainable using different methods as shown in the previous analyses.
However, it should be noted that the aforementioned (the first paragraph in this CASE) disconnection occurs at τ∼6.9 h but the index values decrease to zero much earlier than the disconnection; namely, at τ∼6.4 h and this behavior continues till the disconnection. The index profiles with k=1-6 decrease to zero much earlier than the disconnections occur also in the data from several patients in different cases. Hence, there may be a causal relation between the narrowness of the EEG signals before the disconnections and the reason(s) for the disconnections. This subject is further discussed in the last section.
CASE 4: Pat11 with Parietal Epilepsy
The entropy indices from the Pat11 are obviously non-stationary as displayed in Fig 15 (a) . The indices from the continuous first two one-hourdata-blocks have small values and the seizure term at τ∼1.05 h is undetected by the current method. However, both of the two indicated seizures in the continuous data for the following 4 hours (2 h<τ≤6 h) are captured. Yet, the last seizure which occurs in the last continuous data set (6 h<τ≤8 h) is missed. As a result, two of the four indicated seizures are detected in this case.
It should be noted that the patterns of the profiles for the second and third seizure terms are similar to each other and thus there are three sets of continuous data and three types of seizure profiles in this case (Figs. 15 (a)-(c) ). The first set of the continuous data deliver nearly homogenous index profiles where no pre-ictal, ictal or post-ictal stages are distinguished. Obviously, the first seizure does not show a cyclic behavior. Whereas, the cyclic interdependence is clear in the second and third seizure terms (Fig. 15 (b) ).
The index values gradually increase from τ∼2.0 h up to τ∼2.5 h and abruptly decrease to the previous levels a little later (at τ∼3.0 h). Afterwards, they increase again gradually up to τ∼3.1 h and then relax. Both of these eras are clearly not inter-ictal-like but they resemble the preictal states for the imminent two seizures. Thus, they can be taken as failed alerts for a seizure. A clear pre-ictal state for the onset at τ∼3.6 h stars at τ∼3.3 h where the out-focus index values rise more rapidly than the in-focus ones. This behavior can be inspected also in the pre-ictal stage of the onset at τ∼4.8 h. The onsets and offsets of both of these seizures are abrupt and the couplings are not strong in-between them. The intermediate (inter-ictal) stages are depicted at τ∼4.0 h and τ∼6.5 h both of which continue for nearly half an hour.
The ED plots of the ictal or inter-ictal indices are depicted in Figs. 16 (a) and (b), respectively where the integration is clear for big values. However, the maximum values come out bigger in the ictal interval (for the onsets). Moreover, the plots for the in-focus electrode at k=1 and out-focus one at k=6 are similar in both of the intervals, which shows that the k=1 and k=6 sites are less affected by the other sites. Whereas the same plots for the data from the k=4 position show big variation from one interval to the other and hence it can be claimed that the brain site at k=4 is more effected by the others at the times close to the seizures.
The analyses of the ED plots for the spatial differences of the electrodes show that the infocus electrodes are strongly correlated in both of the ictal interval and inter-ictal interval, Figs. 17 (a) and (b). Three further strong local or mixed cross-correlations come out in the inter-ictal interval; between the positions at k=4 and k=6, or k=1 and k=6, and k=2 and k=6, respectively. But, the non-local coupling between the sites at k=4 and k=6 weakens in the ictal interval. Please note that numerous time windows involving disconnections or very narrow signals (with zero index values) in the inter-ictal interval are omitted in Fig. 17 (b) .
CASE 5: Pat15 with Temporal Epilepsy
The first four one-hour ictal data blocks with k=1-6 are continuous which cover two seizures as depicted in Figs. 18 (a) and (b) . The preictal state for the first onset starts at τ∼0.2 h and continues till τ∼0.9 h where the onset is experienced. The post-ictal state is not clear for this seizure. As a result, the pre-ictal state for the second seizure can be hardly detected. The second onset occurs at τ∼3.1 h and the postictal stage of this seizure continues till τ∼3.7 h without a doubt.
Also the next three one-hour-data blocks with k=1,6 are continuous and they cover one seizure (Figs. 18 (a) and (c) ) where the indices oscillate with big magnitudes. The oscillations are minor in the time interval between τ∼4.8 h and τ∼5.2 h which may be taken as the intermediate state. The pre-ictal state starts at τ∼5.2 h as distinguished in terms of collective behavior. In other words, the pin-like synchronous interdependencies start at that time and gain importance with time; namely, the maximum values ascend towards 1 and the frequency of the occurrences increase with time. At τ∼5.2 h, the integrated behavior reaches a climax, where all of the indices have nearly the same value which is very close to 1. Moreover, the indices drop two times; one during the seizure and one right after the seizure offset. The index values increase abruptly or gradually afterwards till τ∼5.85 h and this instant can be taken as the termination of the post-ictal stage which indicates the completion of a seizure cycle. Note that, the electrode couplings continue till τ∼6.05 h with big index values which become close to 1 at τ∼6.3 h. The time epoch between τ∼5.85 h and τ∼6.05 h should be considered not as a part of the last post-ictal term but a new pre-ictal state for an unrealized onset at τ∼6.3 h. Two more similar inclinations which failed before an onset can be monitored in Fig. 18 (c) . The related clinical evidence is not reported in [32] .
The last seizure onset occurs at τ∼8.6 h in the interval 7.0 h<τ≤10.0 h which contains continuous data. The index values collectively increase towards 1 with various strength of the couplings several times before the onset; such as at τ∼7.3 h and τ∼7.9 h. Yet, the strong couplings start at τ∼8.3 h which can be taken as the beginning of the pre-ictal stage of the seizure and thus, this stage continues for nearly 20 minutes. An abrupt decrease in the index values occur within the seizure term and these decrements are followed by gradual increments. Hence, the seizure offsets before the completion of the gradual increment term. The values come close to each other around 0.95, that is, a few minutes after the offset and then the post-ictal state occurs and continues till τ∼7.3 h.
All of the indicated seizures (four out of four) are detected in this case besides numerous pre-ictal stages of the assumed uncompleted seizure cycles. The pre-ictal or post-ictal transition terms of the realized seizures may last half an hour or longer. Thus, also the ED plots from the inter-ictal interval come out with noise and various deformations from Gauss in the range for the intermediate index values, as those from the ictal-interval in the declared range of the index values; see Figs. 19 (a) and (b) . Moreover, the tails of the plots for the big values in Fig. 19 (b) indicate that, the inter-ictal data involve several pre-ictal stages for uncompleted seizure cycles which are manifest also in the time profiles (not shown). Furthermore, the couplings between all of the electrodes, with the exception of the one at k=4 are strong during the ictal-interval with long durations.
The individual behavior of the electrode at k=4 is clear in the ED plots for the spatial differences from ictal interval and inter-ictal interval in Figs. 20 (a) and (b) , respectively. Note that no strong cross-correlations involve data from the site at k=4 in both of the intervals. Moreover, the groups of the ED plots for D 4, 5 and D 4, 6 (local) or D 1,4 , D 2,4 and D 3,4 (non-local) are similar to each other and the groups of the plots are nearly anti-symmetric about zero in the ictal interval ( Fig. 20 (a) ). This anti-symmetry is exemplified in Fig. 21 (a) within the three-hour-continuous data which cover the third seizure term as in Fig. 18 (c) . This antisymmetry occurs since the plots of D 1,4 , D 2,4 , D 3, 4 , and -D 4,5 (=D 5, 4 ) and -D 4,6 (=D 6,4 ) come out similar. In other words, the index from the electrode at k=4 follow a different trajectory than the other electrodes where the differences in the trajectories of the indices from the electrodes with k≠4 can be neglected (the central group in Fig. 20 (a) ). As a result, the plots of D k,4 with k≠4 come out similar. Therefore, all of the brain sites except at k=4 couple strongly in the ictal interval of this patient. Fig. 21 (b) is the same as Fig. 21 (a) for a shorter time range and for all of the electrode couplings, where the following properties are inspected: All of the electrodes are coupled strongly for a while which implies that the brain electricity is unified at every site in these time terms. Moreover, the seizure offsets whilst the electricity is unique. The couplings become strong once again at τ∼6.8 h with a longer duration. Fig. 21 (c) covers the last seizure where a similar behavior to the one described in the last lines of the previous paragraph is manifest yet the offset occurs during the strong couplings of the brain sites.
The time profiles of the successive time differences of the individual recordings display the temporal couplings and their values are distributed symmetrically and exponentially around zero as in the previous cases (not shown).
CASE 6: Pat09 with Temporo/Occipital Epilepsy
The continuously updated index values of the patient oscillate with big magnitudes in ictal interval (Fig. 22 (a) ) where, four out of five of the indicated seizures are detected and several false alerts are obtained. The beginning of the pre-ictal stage for the first seizure (τ∼1.05 h) is not clear. Weak couplings with short durations are inspected at the beginning of the first one-hour-data-blocks with k=1-6. These weakly synchronized interdependencies become stronger and the event frequencies increase with the time. The post-ictal stage continues nearly 20 minutes after the offset and several pin-like formations appear afterwards till τ∼2.0 h, which is the end of the first set of continuous one-hour-data-blocks. The data for 2 h<τ≤6 h are also continuous and they involve two seizures (Fig. 22 (a) ) which are accompanied by clear pre-ictal states with the time durations of nearly 30 minutes. These pre-ictal states can be distinguished from the intermediate-states in terms of the increasing number of strong couplings with time. Whereas, the time durations of the post-ictal states of these seizures are shorter than these of the preictal ones.
The most interesting feature in the results from the patient is the strong couplings between all of the electrodes at 8.1 h<τ<8.4 h which continue for nearly 20 minutes (Figs. 22 (a) and (b)). Nearly at the beginning of the eighth one-hour-data-blocks (010906ea_0070_k with k=1-6), the entropies of the individual recordings follow each other very closely for about nearly 20 minutes yet no seizure is indicated in [32] for the current interval. Note that a similar formation occurs also in the data from the inter-ictal interval as displayed in Fig. 22 (c) , where the data are continuous along the interval.
The ED plots of the index values from the ictal interval ( Fig. 23 (a) ) and inter-ictal interval ( Fig. 23 (b) ) are capable of distinguishing these intervals, clearly. Note that the electrodes do not exchange partners in the regime for small index values and the out focus electrode at k=6 is coupled with the in-focus electrodes in both of the intervals. The maximum values of the indices are very close to 1 with very broad or homogeneous signals as in CASE 2.
The cross-correlations between the electrodes at k=5 and k=6 are strong in the ictal and inter-ictal interval where the ED plots for these correlations and that for the group of D 1,5 , D 2,4 , D 3,4 and D 3,5 are anti-symmetric. The temporal differences of the individual recordings do not provide additional information since they are similar to those from the other patients. These two subjects are further discussed in the next section.
In summary, nearly 700 million ictal or inter-ictal EEG data intracerebrally recorded from 20 patients with different ages, genders, origins of the epilepsy, seizure types and electrode types or insertion places are investigated in terms of the continuously updated entropy indices χ k (τ) with k=1-6. A common property predicted in the results, which are exemplified in detail for 6 patients, is that the index values increase and then decrease several times before the imminent seizures and reach at locally maximum values close to 1 during the onsets. The characteristic features of these similarities are: 1) The indices from the ictal interval may fluctuate about different values for different k with weak couplings. This era may be called the intermediate (inter-ictal) state during which no seizure is expected to occur soon. 2) When the number of the couplings per a given time interval and their strength increase with the time, this means that the patient is approaching an onset of a seizure. This era stars 20-30 minutes before the onset and it may be called the pre-ictal state. If the tops; namely, the local maximum values of the entropy indices increase and the synchronizations cover more univariates from different brain sites then the onset is expected to occur within a few minutes.
3) The detected seizure onsets are accompanied by synchronized and strong couplings in the entropy indices with values very close to 1. This means that the brain signals are unified at several sites and broad during these seizures. 4) The indices relax after the offsets gradually in most of the cases or abruptly in forms downward pin-like formations in a few cases; as in Case 5, for example). This era may be taken as the post-ictal stage which continues for 20-30 minutes usually.
It may be remarked that the synchronization in the EEG signals can be monitored as a parallelization in the time profiles of the entropy indices or their successive time differences, χ' k (τ) or χ'' k (τ). The time courses of variation of these parallel behaviors are investigated also in terms of the electrode couplings in order to better understand the underlying mechanisms.
Discussion and conclusion:
The presented approach provides a reasonable description of various spatiotemporal similarities in between the brain states before, during and after the captured seizures. These similarities are predicted to be cyclic spatiotemporal synchronization (coupling) of the brain sites where the spatial couplings may be local; namely, between two (or three) in-focus electrodes or between two (or three) out-focus ones, or non-local; namely, between numerous in-focus and out-focus electrodes. Moreover, the durations of these partnerships or the partner sites may change with time.
The patterns of the integrated neuronal behavior observed in the entropy indices, as well as in the spatiotemporal differences (approximate derivatives) of the indices, come out patientspecific, which may be related to psychological fluctuations such as, vigilance (wakefulness, drowsiness or sleep), attention and anxiety in a patient. These interrelationships are found to be weak and infrequent in the inter-ictal intervals and when they intermittently evolve into strong and frequent ones then this stage is distinguished as a pre-ictal state. Thus, the epileptogenic processes are predicted to be intermittent. Similar results are reported in [58] where long-term intracranial recordings of five patients by employing a measure of phase synchronization are investigated.
Furthermore, it is observed that extremely strong couplings occur between the brain sites during the predicted seizure onsets and the transitions from these onsets to post-ictal or interictal stages also follow patient-specific patterns in the time profiles of the entropy indices and their spatiotemporal differences. As a result, all of the patterns in these time profiles are clearly patient dependent. Therefore, not only the epileptogenic processes but also the relaxation processes are patient-specific, intermittent and cyclic where a cycle for the entire ictal process consists of three stages: (pre-ictal) preparation for, (ictal) realization of and (post-ictal) recovery from a seizure.
However, the distributions of the values of the first order successive time derivatives of the indices (Eq. (6)) seem patient independent as displayed in Fig. 24 where all of the available data in [32] from 20 patients in ictal interval or inter-ictal interval are used. (The total number of the utilized time windows with no disconnection or non-zero entropy values in Fig. 24 is 234,879.) It should be noted that the plots of these distributions are symmetric and exponentially decreasing for each of the patients in ictal interval or inter-ictal interval as considered in the previous section for various cases. Moreover, the ED plots of the values of the second order successive time derivatives (Eq. (7)) come out similar to those in Fig. 24 . It can be claimed that the distribution curves of χ' k (τ) and χ k ''(τ) with k=1-6 are similar not only for focal epilepsies but for all of the epileptic and possibly healthy brains. (The tails, for the big magnitudes, will come out presumably clear for healthy brains).
Furthermore, the presented approach can be considered successful since nineteen out of the twenty six studied seizures are captured as discussed in detail in the previous section. This constitutes a more than 70 % success rate. A similar success rate is achieved also in [58] .
The types or insertion places of the used in-focus or out-focus electrodes are different (Fig.  1) . Hence, the capability of the marker z(τ) (Eq. (4)) to capture the seizure onsets may change from one case to the other. Moreover, a smoothed version of z(τ) (namely, the application of a known smoothing function on z(τ)) or averages of z(τ) over a fixed number of the backward or forward time windows at a time τ, may yield more precise detections where some big powers of |χ k (τ)| or |χ k' (τ)| can also be utilized in Eq. (4).
It can be expected that the accuracy of the results may depend on the length of the time windows used due to the non-stationary character of the epileptic EEG signals.
Length dependence: Various analyses of magnitude square coherence and phase coherence, entropy or entropy and complexity show that the results depend on the data length; see Table  1 in [59] and the results in [60] or [61] , respectively.
In the results of this work presented above, the window length is 10 seconds. Thus each window involves 2560 data per electrode (k), since the sampling rate is 256 Hz. Therefore, numerous bins in the ED of the EEG voltages (Qk(i) in Eq. (1)) come out empty (Qk(i)=0) since the bin size is 1 μV and the range of the voltages is from -10,000 μV to 10,000 μV or broader. Hence, the window length may be crucial for the results, especially when a spiky behavior or narrow or broad signal is dominant in a given epoch. In this case, longer time windows can be used in order to reduce the effect of these irregularities on the results and to avoid abnormal values for the indices.
The values of the entropy indices decrease to zero before various indicated disconnections occur during the data registration in [32] . For example, in CASE 3 in the Results section, the index values of the Pat20 in the ictal interval descend towards zero at τ∼6.4 h (Fig. 13 (a) ) and the values remain zero till a disconnection occurs in the data registration nearly 30 minutes later; namely, at τ∼6.9 h (i=837632 with k=1-6). This appearance is observed in the EEG from the same patient in the inter-ictal interval or from different patients in both of the intervals. Hence, there may be a causal relationship between several irregular behaviors in the EEG signals and the simultaneous clinical symptoms of the relevant patients before the disconnections. These symptoms are not reported in [32] . Moreover, the effect of these irregular data may be reduced in the entropy estimations when longer time windows are used as exemplified in Fig. 25(b) .
Figs. 25 (a)-(c) are obtained using time windows of length 100 seconds in the presented approach. In Figs. 25 (a) and (b) , the index values come out smaller than those in Fig. 13 (a) -(c) by a factor of nearly 1.3 (∼10.15/7.85=∼ln(25600)/ln(2560), see Eq. (3)). The time domain of Fig. 25 (a) is the same as that of Fig. 13 (b) where the following three features can be clearly observed: the ictal cycle of the experienced onset at τ∼1.9 h, several unsuccessful inclinations for a seizure before the onset and the individual behavior of χ 4 (τ) (thick line in dark cyan in Fig. 25 (a) ). The individual behavior of χ 4 (τ) can also be observed in Fig. 25 (b) where the data contains a disconnection as discussed in the previous paragraph and Results section (CASE 3: Pat20). It must be noted that the index values are non-zero also after τ∼6.4 h till the occurrence of the disconnection at τ∼6.9 h in Fig. 25 (b) .
The successive differences of the indices (χ k '(τ)) with the newly used longer time windows (Δτ=100 seconds in Eq. (6)) are displayed in Fig. 25 (c) where the time domain includes the first indicated seizure of the Pat20, at τ∼1.8 h which was undetected previously.
The patterns obviously depend on the length of the time windows; however, the characteristic features of the results (for example, the cyclic topographies of the ictal patterns) remain invariant within reasonable limits for the length of the time windows.
Couplings and brain electricity:
If the entropy indices from the brain sites at k and k' are similar (χ k (τ)↔χ k' (τ)) in a time interval then these sites are called coupled or synchronously interdependent in this work as referred to above. Thus, the four fundamental states of an epileptic brain; namely, the inter-ictal, pre-ictal, ictal and post-ictal states can be distinguished in terms of the simultaneous interrelationships. The couplings are found to be infrequent and weak in an inter-ictal stage, as in [19] for healthy brains. The event frequency and strength of the couplings usually increase with time in a pre-ictal state [20 and 21] and they decline after the offsets for a post-ictal stage. In the meantime the strengths reach a climax for a few minutes for a seizure. If the number of the coupled brain sites also increase in a pre-ictal state then the brain electricity and possibly the seizure may be taken as spreading.
Various similarities between the brain electricity recorded from different sites are detected in this contribution for different cases and thus the spread of the brain electricity is discussed. However, these results could not be associated with the seizure types because no further information about the individual seizure types is available in [32] . In other words, the predictive power of the presented approach depends on the number and strength of the brain couplings at a time. Thus, if a seizure onset occurs either with weak or a few brain couplings then it could not be detected. It is not known which of the noted seizure types [32]; namely, simple partial (SP), complex partial (CP) or generalized tonic-clonic (GTC) onsets fits which of the investigated seizures. The presented approach might provide statistical evidence between a seizure type and brain couplings if individual seizure types were known.
Let us consider the aforementioned (two paragraphs above) similarity between the two entropy index trajectories, χ k (τ) and (Fig. 7 (c) ). Another example is given in CASE 2 for the Pat14 as depicted in Fig. 11 
APPENDIX
Suppose that the number of the samples X(i) in a finite set is N. Let us consider Eq. (1) in the main text with P(X(i))=Q(X(i))/N where P(X(i))=P(i) and Q(X(i))=Q(i) are the normalized and un normalized empirical distributions of X(i), respectively and 1 ≤ i ≤ N;
where χ is the same as the index in Eq. (2) in the main text.
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FIGURES
Figure 1
The available electrode types and contact positions of the declared patients where the red and blue dots indicate in-focus or out-focus electrodes, respectively [32]. (a) (b) Figure 2 The time profiles of the entropy indices for the available [32] ictal (a) and inter-ictal (b) data from the Pat03 (see , Table I ) where the arrows in (a) indicate the seizure terms. The black line at the bottom is for z(τ) in the plots. The plots are same as Figs. 2 (a) with different time domains. χ'' k (c) Figure 5 The time series of χ k (τ) is depicted in (a) which is same as with 3 (a) for a shorter time domain. The successive time differences χ' k (τ) and χ'' k (τ) are displayed in (b) and (c), respectively with the same time domain as in (a), here. (a) (b) Figure 6 The distributions of the entropy index values for all of the data from the patient in ictal interval (a) and in inter-ictal interval (b). (c)
Figure 7
The synchronous differences of the entropy index values of the in-focus electrodes (a) and out-focus electrodes (b) and (c) of the patient in ictal interval. (a) (b) Figure 8 The distribution of the values of the synchronous spatial differences of the infocus electrodes of the Pat03 in ictal interval (a) and in inter-ictal interval (b). (a) (b) Figure 10 The ED of the index values of the EEG from the Pat14 in ictal interval (a) and in inter-ictal interval where the tails are noisy due to several irregular behaviors in the data. (c) Figure 11 The time profiles of several local and non-local electrode couplings about the same (a) and (b) or different seizure terms (c). counts (δD=0.001) Figure 12 Various cross-correlations between the in-focus and out-focus electrodes of the patient in ictal interval (a)-(c) and in inter-ictal interval (b). (c) Figure 13 The time profiles of the indices of the Pat20 in ictal interval with different time domains (a)-(c). (a) (b) Figure 14 The ED plots for the index values from the Pat20 in ictal interval (a) and in inter-ictal interval (b). (c) Figure 15 The time profiles of the ictal entropy indices of the Pat11 in (a)-(c) with various time domains. (a) (b) Figure 16 The ED plots of the index values of the Pat11 in ictal interval (a) and in interictal-interval (b). (a) (b) Figure 17 The local and non-local cross-correlations between the electrodes of the Pat11 in ictal interval (a) and in inter-ictal interval (b). (a) (b)
Figure 19
The ED plots of the index values from the Pat15 in ictal interval (a) and in inter-ictal interval. The cross-correlations between the electrodes of the Pat15 in ictal interval (a) and in inter-ictal interval (b). (c) Figure 21 The cross-correlations between the out-focus electrodes (a) and all of the electrodes ((b) and (c)) of the Pat15 in ictal interval within different time domains. (c) Figure 22 The time profiles of the index values from the Pat09 in ictal interval (a) and (b) and in inter-ictal interval (c) with different time domains. 
Figure 24
The distributions of the values χ' k (τ) which are obtained using all of the data from 20 patients in ictal interval or in inter-ictal interval. Figure 25 Various applications of the method with a window time length of 100 seconds where (a) and (b) show the indices and (c) is for the temporal differences of the indices.
